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We suggest a minimal model for GeV scale Majorana dark matter (DM) coupled to the standard
model lepton sector via a charged scalar singlet. We show that there is anti-correlation between the
spin-independent DM-Nucleus scattering cross section (σSI) and the DM relic density. Moreover, we
find that even when DM couplings are of order unity, σSI is below the current experimental bound
but above the neutrino floor, which makes it testable in future DM direct detection experiments.
Furthermore, the model can be probed exclusively at high energy lepton colliders with the smoking
guns are the mono-Higgs production and same sign charged Higgs pair production.
The existence of dark Matter (DM) in the universe
is an established fact supported by various observations
at the sub-galactic, galactic, and cosmological scales
(for a review, see e.g. [1]). The measurements of CMB
anisotropies implied that DM constitutes about 80%
of the matter budget in the universe with density of
ΩDMh
2 = 0.1198 ± 0.0015 [2] and standard theories of
structure formation requires it to be non-relativistic
when gravitational clustering started at the matter-
radiation equality. This type of DM is known as cold
DM (CDM). One of the simplest scenarios of CDM is
the thermal-freeze out mechanism in which the DM
can be accommodated by Weakly Interacting Massive
Particles (WIMPs) produced in thermal bath and as the
universe expands and cools down their relic abundance
freeze-out when temperature drops below their mass.
Possible evidence for WIMP DM has driven numerous
experimental efforts to search for it via direct detection
[3, 4], indirect detection [5–8] and in collider experiments
[9, 10]. Unfortunately, no signal for CDM has been
detected and stringent limit on the cross section of their
scattering off nucleus in the mass range GeV to TeV are
obtained. Moreover, a model-independent estimates of
the limits on the annihilation cross sections of WIMP
DM imply strong constraints on models with s-wave
annihilation channel [11]. These strong exclusions
combined with the null results from direct detection
experiments put an end to the most minimal model for
GeV -scale DM candidate, i.e. the SM with real scalar
singlet [12, 13] which called for several extensions [14, 15].
Models with a singlet Majorana fermion as a DM
candidate can potentially avoid these constraints due to
the fact that their annihilation is dominated by p-wave
amplitudes in addition of being both minimal and predic-
tive. On the other hand, the scattering cross section of
the Majorana DM off the nucleus is induced at the one-
loop order because of the absence of tree level couplings
of the Majorana DM to the Z/H bosons. Consequently,
models containing Majorana DM can evade easily direct
detection constraints even for model parameters of order
O(1) and thus avoiding the over-abundance condition
ΩWIMPh
2 6 ΩPlanckh2. Models containing Majorana
DM are phenomenologically very attractive as they can
easily address the question of the smallness of neutrino
mass through radiative mass generation mechanism
[16, 17], and the question of baryon asymmetry in the
universe through electroweak baryogenesis [18]. In this
Letter, we suggest a very simple model which extends
the Standard Model (SM) particle content by two gauge
singlets: a charged scalar and a Majorana fermion.
Using simple correlations between the relic abundance
and the predicted spin-independent cross section, we
show that the model is neither excluded nor close to
the neutrino-floor region. On the other hand, we find
that the model can be exclusively probed at lepton
colliders such as the International Linear Collider (ILC),
and we study its potential discovery through both the
electron-electron and the electron-positron options.
We consider a minimal extension of the SM which con-
tains, in addition to the SM particle content, two gauge-
singlet fields; a charged scalar S and a right handed (RH)
neutral fermion N . In this simplified model, the RH
fermion plays the role of the DM candidate while the
charged scalar is a mediator of the DM-visible interac-
tion. To ensure the stability of DM in the universe, we
impose an exact discrete symmetry Z2 under which all
the SM fields are even while the new states are odd, i.e.
{V µ,Φ, `, q} → {V µ,Φ, `, q}, and {S,N} → {−S,−N}.
Under these symmetry requirements, the most general
Yukawa Lagrangian can be written as
LYuk ⊃
∑
`=e,µ,τ
y` ¯`
c
RSNR +
1
2
MN N¯R (NR)
c
+ h.c. (1)
The most general CP-invariant, and dimension four po-
tential involving the SM Higgs doublet Φ and the charged
Higgs scalar S can be written as
V (Φ, S) = −m211|Φ|2 +m222|S†S|+ λ1|Φ|4
+ λ2|S†S|2 + λ3|Φ|2|S†S|2, (2)
with m211,m
2
22, λi,i=1,2,3 are real parameters. After elec-
troweak symmetry breaking, one lefts with a CP-even
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2scalar H which is identified with the recently discov-
ered 125 GeV SM Higgs boson and a pair of charged
scalars H±. Their tree-level masses are given by:
m2H = λ1v
2 and m2H± = m
2
22 +
1
2λ3v
2. In addi-
tion to the SM parameters, this simple model con-
tains seven independent parameters which we choose as;
{mH± ,mN , λ2, λ3, ye, yµ, yτ}. For convenience, we de-
fine yN as the combination of the new Yukawa couplings
as yN =
√
y2e + y
2
µ + y
2
τ . The parameters of the model
are subject to various theoretical and experimental con-
straints. Owing to the fact that the charged Higgs state
is gauge singlet, constraints from direct LHC searches
and from electroweak precision measurements do not ap-
ply in our model. On the other hand, the SM Higgs
boson is really SM-like, i.e. there is no modification of
tree-level Higgs couplings to fermions and gauge bosons.
Therefore, the only modification to Higgs boson decay
rates comes from the effect of the charged Higgs boson
on the one-loop induced H → γγ decay width [19]. In
this work, we use the Atlas-Cms combined measure-
ment of |κγ | =
√
Γ(H → γγ)/Γ(H → γγ)SM = 0.87+0.14−0.09
[20].
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FIG. 1. Summary of the impact of theoretical and experi-
mental constraints on the parameter space of the scalar sec-
tor of the model. The constraints are depicted in the mass of
the charged Higgs boson mH± and λ3 for λ2 = 2. The ex-
cluded regions from Higgs boson decay to photons (brown),
from vacuum stability (cyan), from false vacuum (red), and
from perturbative unitarity (green). The white shaded area
corresponds to the allowed region of the 2D parameter space.
This model is subject to a number of theoretical con-
straints such as the boundness-from-below requirements
(vacuum stability) [21], perturbative unitarity [22], and
that the vacuum of the inert scalar should be a global
minimum [23]. A summary of the theoretical and exper-
imental constraints are shown in Fig. 1. The combina-
tion of all these constraints restricts the allowed range
of the Charged Higgs boson mass to be below 400 GeV
for λ3 ' 4. The constraints on the Yukawa coupling yN
mainly come from the limit on Higgs boson invisible de-
cay branching fraction; BR(H → invisble) ≡ Binv. In
this model, the Higgs invisible proceeds at the one-loop
order which we have computed using FeynArts, Form-
Calc and LoopTools [24, 25]. The strongest and up-
to-date constraint on Binv was reported on by the Cms
collaboration from a combination of the search results
carried at 7⊕8⊕13 TeV; they found Binv < Bupper = 0.19
at 95% CL [26] assuming SM production rates of the
Higgs boson. Using the results of these searches, we de-
rive an upper bound on the magnitude of yN
yN <
(
2048pi5ΓSMH
β
3/2
N mHλ
2
3v
2m2N |C0 + C2|2
(
1
Bupper
− 1
))1/4,(3)
with βN = (1 − 4m2N/m2H), and C0,2 ≡
C0,2(m
2
N ,m
2
H ,m
2
N ,m
2
` ,m
2
H± ,m
2
H±) are the Passarino-
Veltman functions [27]. For instance, for mN ' 40 GeV,
λ3 = 4 and mH± = 250 (400) GeV, we get yN < 2.5 (4.1).
Constraints from lepton-flavor violating decays on the
y` couplings are extremely important as we will see. The
most stringent bound comes from the branching ratio of
µ→ eγ decay. We obtain
yeyµ <
(
2.855× 10−5
GeV
)2 m2H±
|F(m2N/m2H±)|
,
yeyτ <
(
4.428× 10−4
GeV
)2 m2H±
|F(m2N/m2H±)|
,
yτyµ <
(
4.759× 10−4
GeV
)2 m2H±
|F(m2N/m2H±)|
, (4)
where we have used the up-to date bounds from the
Meg [28] and BaBar [29] experiments, and F(X) is
the loop-function which can be found in [30, 31]. The
implications of these constraints on the product of
the couplings are very important. For example, if we
fix ye = 2, we found that {yeyµ, yτye, yτyµ} < {1.5-
6.7 × 10−4, 0.05-0.1, 0.20-1.82 × 10−5} if we vary the
charged Higgs mass in the range [250, 400] GeV.1
The main contribution to the relic density of the N
particles comes from their annihilation into charged lep-
tons via the exchange of a charged scalar in the t- and
1 Different scenarios where we can have ye ' yµ ' yτ ' 10−3
or yτ ' yµ  ye ' 10−4 are possible as well, but none of
these scenarios are phenomenologically plausible since the pro-
duction rates at lepton colliders will be extremely small – the
cross sections depend exclusively on ye. Theoretically, it could
be possible to have a discrete flavor symmetry which allows for
ye ' O(1) yτ  yµ.
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FIG. 2. Left: Correlation between the relic density and the spin-independent direct detection cross section. The palette shows
the value of the DM mass. The two vertical lines correspond to Ωh2 = ΩPlanckh
2 (solid) and Ωh2 = 0.5ΩPlanckh
2 (dashed).
Right: Dependence of the relic density as a function of the Majorana mass mN for mH± = 400 GeV.
u-channel. The contribution of s-channel diagrams to
the relic density is one-loop induced, and therefore is
sub-leading, below 1% of the total contribution. Note
that the annihilation rate in the s-channel does not de-
pend significantly on λ3 if this parameter had to sat-
isfy the perturbativity bound. For small mass-splittings,
i.e. ∆ = (mH± − mN )/mN < 0.10, we find that co-
annihilations become important and for some values of
the model parameters can dominate over the the anni-
hilation processes, and hence we include them in our
analysis. The scattering of N particles off nuclei oc-
curs at the one-loop level through the exchange of the
SM Higgs boson. Hence, the scattering matrix elements
M(Nq → Nq) ∝ YHNN which is given by [31, 32]
YHNN ' −λ3v|yN |
2
16pimN
[
1− (1− r−2N ) log (1− r2N)], (5)
with rN = mN/mH± . The spin-independent cross sec-
tion scales as λ23|yN |4/m2N modulo factors that depend
on mass-splitting between the charged Higgs boson and
the Majorana DM. To compute the relic abundance and
Spin-independent Nucleus-DM elastic cross sections we
use MadDM tool [33]. We find that in order to avoid the
over-abundance of DM, the yukawa coupling yN should
not be smaller than 0.1 independent of what value the pa-
rameter λ3 can take (see right panel of Fig. 2). On the
other hand, yN of order O(0.1) yields an extremely small
N-nucleus scattering cross section close to the neutrino-
floor for almost all the allowed DM masses except for
large values of λ3 and small mass splittings. In the rest
of this Letter, we choose the following benchmark sce-
narios
250 6 mH±/GeV 6 400, 10 6 mN/GeV < mH± ,
with λ3 = 4, and yN = 2. A strong anti-correlation
between Ωh2 and σSI can be seen in Fig. 2. We can
see that the points in the parameter space yielding
Ωh2 ' ΩPlanckh2 correspond to DM masses ' 30-50
GeV for which the corresponding spin-independent
cross section is about 9.52-10.21 × 10−48 cm2 which
is below the Xenon1T bound [3]. However, as
∆ = (mH± − mN )/mN gets smaller, the relic density
decreases while still satisfying the Xenon1T bound. It
is also worth noting that the model is unconstrained
from the current indirect detection experiments due to
the fact that s-channel annihilation channels are loop
induced and mediated by the SM Higgs boson, with the
predicted annihilation cross sections 〈σv〉 ' 10−37 cm3/s
which is orders of magnitude smaller than the Fermi-
LAT bounds [34].
This model give rise to several signatures at collid-
ers. At hadron colliders, the pair production of charged
Higgs can occur through the exchange of a photon, and
hence its cross section is independent of the model pa-
rameters (λ3 and yN ). However, the corresponding cross
section is extremely small; σpp→H+H− = 3.47-0.05 fb for
mH± = 250-400 GeV. This process yields a 2` + E
miss
T
final state, and therefore there is no chance for observing
this signal and also due to the large associated back-
ground. The process of mono-jet production via the ex-
change of a SM Higgs boson is highly suppressed as it
occurs at the two-loop order. Besides, one can search for
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FIG. 3. The expected number of events as function of the
invariant mass of the invisible system for the signal and the
background. The expected event yield is shown for the total
luminosity of L = 4000 fb−1. For the signal processes, we
have chosen mH± = 250 GeV, ye = 2 and λ3 = 4.
the model signatures at the future International Linear
Collider (ILC) which is planned to run at center-of-mass
energies of 250, 350, 500, and 1000 GeV [35] and will in-
clude the collision of electron beams [36, 37]. The advan-
tage of the latter option is that it can be used efficiently
to probe lepton-violating processes due to the negligibly
small backgrounds. We consider two signal processes;
mono-Higgs process in e+e− collisions at
√
s = 500 GeV,
and same-sign charged Higgs pair production in e−e− col-
lisions at 1000 GeV. For the mono-Higgs process, we con-
sider the H → bb¯ decay channel of the SM Higgs boson
for which the major backgrounds are H(→ bb¯)Z(→ νν¯),
H(→ bb¯)νeν¯e, W+W−, ZZ, and tt¯. The last three
sources of backgrounds are below the percent level in
the signal-like region which we define below. Signal
and backgrounds processes are generated using Mad-
graph5 aMC@NLO [38] and passed to Pythia8 [39]
to add parton showering, hadronisation, and hadron de-
cays. We employ Delphes [40] to add for detector an-
gularity, jet smearing, and particle resolutions. Jets are
clustered according to the anti-kT algorithm [41] with
D = 0.4 using FastJet [42]. We select events that pass
the following pre-selection criteria
• no lepton (electron or muon) with p`T > 15 GeV
and |η`| < 2.5.
• Exactly two b-tagged jets with pbT > 30 GeV and
|ηb| < 2.5.
Furthermore, the two b-tagged jets are used to form
Higgs boson candidate whose transverse momentum is
required to be larger than 50 GeV. The invariant mass of
the invisible system is related to the energy of the Higgs
boson candidate by the following relation
M2inv = s− 2
√
sEbb¯ +M
2
bb¯, (6)
with
√
s being the center-of-mass energy, and Ebb¯ (Mbb¯)
is the energy (the invariant mass) of the bb¯ system. We
define the signal region by: (1) the invariant mass of the
bb¯ system is required to satisfy |Mbb¯ − mH | < 10 GeV,
and (2) the invariant mass of the invisible system to sat-
isfy 200 GeV < Minv < 400 GeV. In Fig. 3, we show the
expected event yields for the signal process (for different
DM masses), and the background as a function of the
invisible invariant mass.
The charged Higgs pair production in the electron-
electron option at the ILC is certainly very interesting.
The reasons are two-fold; 1) the signal is enhanced for
large DM masses due to the Majorana nature of the DM,
and 2) the background is extremely suppressed since the
SM processes conserve lepton number. The cross section
for the signal behaves as [43]
σe−e−→H−H− ∝ m2Ny4e , (7)
Considering the decay of the charged Higgs boson into
e−N , the dominant backgrounds are W−W−νeνe and
Ze−e− with the corresponding cross sections 21.53 fb and
98.1 fb respectively. The cross section for the signal pro-
cesses is orders of magnitude higher; for mH± = 250 GeV
we have σH−H− = 5.46 (32.94) pb for mN = 30 (180)
GeV. Given the large signal-to-background ratios, we
only apply some minor selections on the decay products
of the charged Higgs; i.e. two same-sign electrons with
pT > 20 GeV, and |η| < 2.5. Using the q0-test statistics,
we estimate the signal significance for the two processes
[44]. In the left panel of Fig. 4, we display the signal
significance as a function of the DM mass where we
can see that DM masses up to 150 GeV can probed
using the mono-Higgs process. On the other hand, the
mono-Higgs process is strongly correlated to the relic
density since lighter DM particles give rise to larger
relic density and to higher signal significance than for
heavier DM. The signal significance for the charged
pair production is shown in the right panel of Fig. 4.
Contrary to the mono-Higgs process, charged Higgs pair
production can probe the whole parameter space of the
model even at moderate luminosities. On the other
hand, this process can be used to probe regions that
are very hard to disentangle by direct detection methods.
In summary, we studied the interesting scenario where
DM is a Majorana singlet fermion using simple cor-
relations between the relic abundance and the spin-
independent cross sections. We showed that DM masses
consistent with the Planck observations are still allowed
by the Xenon1T bound, and well above the neutrino-
floor which makes it testable at future direct detection
experiments. Besides, we found that this model can be
probed at lepton colliders using the mono-Higgs process
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FIG. 4. Left: Signal significance as a function of the DM mass in the e+e− → H(→ bb¯)+EmissT at
√
s = 500 GeV. The solid black
shows the significance when only the statistical error is taken into account while the dashed line corresponds to an additional
10% flat systematic uncertainty. Right: The signal significance projected on the DM mass and the charged Higgs boson mass
for L = 10 fb−1. The solid lines show the values of the relic density while the dot-dashed lines show the spin-independent cross
sections.
and the same-sign charged Higgs pair production. Im-
portant steps are yet to be made regarding the probes of
these scenarios using one of the many developed meth-
ods to study the characteristics of DM at colliders. One
can also obtain the interaction (1) from a more UV com-
plete model. For instance, this can be realized by em-
bedding the SM into SU(5) gauge group with the matter
fields in 10 and 5¯ representation and the charged sin-
glet belongs to the 10H representation, while the right
handed neutrino belongs to the singlet representation,
i.e. Lint = gαβ10α ⊗ 10H ⊗ 1Nβ ⊃ gαβ`TRαCNβS+. An-
other possibility is the flipped-SU(5) × U(1)X grand-
unified theory, where the right handed lepton field is sin-
glet of SU(5), and the right handed neutrino is a member
of the 10 representation. In this case, the interaction (1)
can be obtained from the following effective Lagrangian
Lint = hαβΛ 10α⊗1¯β⊗10H⊗1S+h.c ⊃ hαβ〈10H〉Λ NTC`RS−.
The embedding of our model into a grand-unified theory
is certainly an interesting question to pursue which we
report on for a future study [45].
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